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’ INTRODUCTION
Electronic and optoelectronic devices, having thin polymer
ﬁlms (thicknesses of the order of a few hundreds of nanometers)
as active layers, have become an important topic in the science
and technology of today’s electronic engineering. Organic photo-
voltaics (OPVs) and organic ﬁeld-eﬀect transistors (OFETs) have
been inspired by the success of organic light-emitting diodes
(OLEDs), and as a consequence, a large number of new com-
panies of organic electronics have been created in the past
decade. Despite this impressive industrial attention, this technol-
ogy is still under development and faces many challenges, in-
cluding fundamental questions that are still not answered, re-
questing large eﬀort from basic research for the future to come.
One of the challenges that still persists is a thorough and detailed
understanding of charge carrier transport in electronic polymers.
For instance, the relatively low response time of organic opto-
electronic devices, compared to that of their inorganic counter-
parts, is caused by the low values of charge carrier mobility, which
is characteristic of highly disordered materials. To overcome this
drawback, a great eﬀort in the synthesis of new compounds and
in tailoring of the morphologies of thin ﬁlms made thereof
has been carried out.1,2 In this context, the copolymer poly-
(9,90-dioctylﬂuorene-co-benzothiadiazole) (F8BT) is an example
of a material that has been used in PLEDs,3 in Light-Emitting
Transistors (OLET),4 and in OPVs,5 in which the charge transport
is inﬂuenced by structural and morphological parameters such as
ﬁlm thickness,6 molecular weight, and packing structure.7
The main technique used to characterize the charge carrier
mobility in disordered materials is the time-of-ﬂight (TOF)
method, which has been applied successfully to many conjugated
polymers.8 One important feature revealed by this kind of
measurement is the existence of two transport regimes, denoted
as nondispersive (ND) and dispersive (D).9,10 Many studies also
reveal that the dispersiveness of the charge transport may change
as a function of temperature, and a transition from nondisper-
sive (ND) to dispersive (D) transport (ND-D transition) has
been reported.1113 Borsenberger et al. have performed an ex-
tensive study of the ND-D transition making use of Monte
Carlo simulations in combination with TOF measurements of
p-diethylaminobenzaldehyde diphenylhydrazone (DEH) ﬁlms
of few micrometers in thickness.12 The disorder in those
materials was simulated assuming a Gaussian distribution of
localized states with a standard deviation (σ). This study
indicated a ND to D transition at a given critical temperature Tc,
when plotting the logarithm of the mobility against the square of
the inverse temperature. It is worth mentioning that in TOF
experiments the critical temperature of the ND-D transition is
deﬁned as the temperature in which the charge relaxation time
becomes longer than the charge extraction time, so thermal
equilibrium is not attained during the transit time. Non-equilib-
rium conditions thereby means, as described in ref 11, that the
thermal release of charge is not able to equilibrate trapping of
charge, therefore the transport becomes highly dependent on the
presence of charged sites and their successive charge release,
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ABSTRACT: Charge transport in spin coated thin ﬁlms of
poly(9,90-dioctylﬂuorene-co-benzothiadiazole) (F8BT) was studied
using the Photo-Current Extraction by the Linear Increasing
Voltage (Photo-CELIV) method in the temperature range of
120 to 420 K. A continuous change in the slope of a lnμ versus
T2 plot was detected at 205 K with a very weak temperature
dependence of the mobility at lower temperatures. According to
the Gaussian Disorder Model (GDM), this behavior can be
attributed to a progressive decrease in the dispersiveness of the
charge transport. In this sense, the weak temperature depen-
dence of the mobility at low temperatures arises from the nonequilibrium condition between thermal released and trapped charges,
so the transport becomes trap controlled at low temperature. Furthermore, another change in the mobility behavior was observed at
about 360 K, which was related to the glass transitions of the material. This indicates that even for thin ﬁlms the drift mobility can be
signiﬁcantly aﬀected by a variation in the dynamics and local packing of the polymer chains, which can be detected by Photo-CELIV
experiments.
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namely dispersive. This also holds for a process recently de-
scribed by Tajima and Yasui,14 who performed a temperature-
dependent mobility study on P3HT thin ﬁlms using the Photo-
CELIV technique.1518 Their observation was that at low
temperatures the photo-generated charge is almost completely
captured by traps, and the release of the majority of the charge is
not thermally activated, as generally assumed for dispersive
transport, but rather activated by the linearly increasing electric
ﬁeld as utilized in CELIV and the related potential barrier
lowering due to the Poole-Frenkel eﬀect. The CELIV signal
therefore has a signiﬁcant contribution of trapped charges
released by the electric ﬁeld, which results in a weaker tempera-
ture dependence of the mobility, similar to the case of TOF
experiments below the ND-D transition.11,12,19 As soon as the
thermal equilibrium between release and trapping of charge is
achieved, the transport becomes non-dispersive and can be
described by a trap-modulated mobility with a stronger tempera-
ture dependence.
Here, we present a study of the temperature dependence of
charge transport in spin-coated F8BT thin ﬁlms mainly using the
photo CELIV technique. This method was developed recently
for applications in semiconducting ﬁlms with relatively high
conductivity and has been also applied successfully for organic
devices.17,18 To analyze the results, we made use of the Gaussian
DisorderModel (GDM)19 together with the idea of the establish-
ment of equilibrium between thermal release of charges and trap-
ping in order to correlate the changes observed in the behavior of
the mobility as a function of temperature with dynamic processes
in the polymer chains.
’EXPERIMENTAL PROCEDURES
Figure 1 shows the schematics of the Photo-CELIV excitation
and response, the chemical structure of the F8BT, and the
conﬁguration of the device used in the experiments. The ITO/
F8BT/Al devices were fabricated by spin coating F8BT toluene
solution (1 wt %) on cleaned ITO substrates. Puriﬁed poly-
(9,9-dioctylﬂuoren-2,7-diyl-co-benzothiadiazole) (F8BT) was
purchased from Fraunhofer Institute of Applied Physics in Golm.
The molecular weight and the polydispersiveness were measured
by gel permeation chromatography using polystyrene as refer-
ence. Themeasured values wereMn = 206 kg/mol andMw/Mn = 3.
The polymer layer thickness was about 250 nm. As top electrode,
a 100 nm thick layer of aluminum was vacuum deposited
(107 mbar), providing an active area of 9 mm2. All prepara-
tion procedures have been conducted under inert environments.
In the Photo-CELIV technique, the incident nanosecond laser
pulse I0 penetrates the whole sample through the transparent
ITO electrode and thereby generates photocarriers uniformly
throughout the bulk. A linear voltage ramp (LVR) is then applied
to the electrodes with a delay time τdelay with respect to the laser
pulse I0. The photocarriers are then driven out of the sample by
the applied electric ﬁeld, and the transient currentΔj is recorded
as the diﬀerence between two successive voltage sweeps. The
measurements were carried out in the temperature range of 120
to 420 K, and according to literature, the mobility can be
calculated by the following relationship:20
μ ¼ 2d
2
3Aτmax2 1 þ 0:36 Δjjð0Þ
 ! ð1Þ
where d is the ﬁlm thickness, A the voltage rate of LVR, and j(0)
the displacement current. The experimental parameters used for
all Photo-CELIV experiments were τdelay = 2 μs, τLVR = 70 μs,
Vmax = 8 V, and A = 14 V/s. The laser power and length were,
respectively, 0.5 μJ/cm2 and 10 ns. After the ﬁrst cycle, in which
the transient Photo-CELIV was recorded, the LVR was applied a
second time without laser excitation, and j(0) was recorded.
The impedance spectroscopy experiments were carried out to
investigate the occurrence of the molecular relaxation process in
the samples. The measurements were conducted as a function of
temperature using Impedance Spectroscopy (Solartron SI 1260)
together with the dielectric interface (Solartron SI 1296), at
frequency of 1 Hz. The samples were kept under vacuum inside
the closed-cycled Helium cryostat. Measurements were con-
ducted in steps of 10 K with a waiting time of 15 min for the
sample to reach the thermal equilibrium.
’RESULTS AND DISCUSSION
Figure 2 shows the full response of a Photo-CELIV transient
(Δj), superimposed to j(0) obtained at 350 K. The fact that Δj
decays asymptotically to almost zero indicates that all photo-
generated charge carriers have been extracted by the ﬁrst LVR.
Also, j(0) during the second LVR remains almost constant,
which shows that injection of charge carriers by the electrodes is
small. Otherwise, one would observe an increasing current j(0).
Photo-CELIV proﬁles (Δj) obtained at diﬀerent temperatures
are shown in Figure 2b. While the maxima of the Δj peak
decrease and the respective widths increase for decreasing
temperatures, the the total amount of extracted charge carriers
remains almost constant. The calculated values for the mobilities
in the whole temperature range of 120 to 420 K are displayed in a
ln μ versus T2 curve, as shown in Figure 3a. This curve reveals
two characteristic features: a clear change in the slope at 205 K
and a deviation from a straight line in the range of 315 to 390 K.
Figure 3a also displays the dielectric loss function tan δ = ε00/ε0
at 1 Hz as a function of temperature measured by impedance
spectroscopy. The tanδ versus 1/T2 curve reveals two transitions
Figure 1. Schematic illustration of the Photo-CELIV method. Vmax is
the top voltage applied; λ is the nanosecond laser pulse; Δj is the
extracted transiente current; j(0) is the displacement current; τLVR is the
length of the voltage pulse; τdelay is the delay between the laser pulse and
the voltage pulse; and τmax is the time at the highest current ofΔj. On the
right: schematic illustration of the used device and the molecular
structure of F8BT.
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at approximately 210 K (β  relaxation) and 370 K (glass
transition). The coincidence between the characteristic features
of the ln μ versus T2 curve and the peaks in the tan δ versus
1/T2 dependence is remarkable.
The dispersiveness of the transport is usually quantiﬁed by the
ratio t1/2/τmax, where t1/2 is the width at half-maximum of the
conduction current proﬁle of Δj.21 Thus, the higher (lower) is
t1/2/τmax the more (less) dispersive is the charge transport.
Figure 3b shows the dependence of the t1/2/τmax ratio on the
square of the inverse temperature. A maximum is observed at
220( 20K, which is coincident with the change of slope of the t1/2
versus T2 curve and the low temperature peak observed in the
tan δmeasurement. Above 315 K, a change in the dependence of
t1/2/τmax on temperature is clearly observed, suggesting that the
charge transport becomes progressively less dispersive as the
temperature increases. In fact, both the mobility calculation and
the interpretation of t1/2/τmax as a dispersion parameter may be
aﬀected by the presence of bimolecular recombination,22
particularly for Δj/j(0) > 0.1. It was shown that τmax de-
creases, while t1/2/τmax increases as a function Δj/j(0) if
bimolecular recombination predominates. However, taking
the behavior ofΔj/j(0), the inset of Figure 2b and t1/2/τmax of
Figure 3b as a function of temperature, one concludes that in
our system t1/2/τmax decreases Δj/j(0), which is opposite to
that predicted for the bimolecular recombination.22Moreover, the
intensity of the CELIV proﬁles also increase with temperature,
which is the opposite behavior expected for an increasing
recombination rate. Therefore, bimolecular recombination is not
themainmechanism that dictates the behavior of the CELIV results
presented here.
The result exhibited in Figure 3a can be analyzed by the GDM
model assuming aGaussian DOS and hopping transport.19 GDM
predicts a temperature dependence of the charge carrier mobility
as μ  exp(cσ^)2 and a ND-D transition at a given temperature
Tc, where σ^ = σ/kBT is the energy disorder parameter. This
model allows one to derive two expressions for the carrier
mobility: one above (nondispersive) and another below
(dispersive) Tc:
μ ðTÞ ¼ μ 0 exp 
2
3
σ
kBT
 2 !
¼ μ0 exp 
T0
T
 2 !
for T > TC
and
μðTÞ ¼ μ 0 exp 
1
2
σ
kBT
 2 !
¼ μ0 exp 
T00
T
 2 !
for T < TC
ð2Þ
where T02 and T 002 are the slopes of the ln μ versus T2
curve above and below Tc, respectively, whose ratio T0/T 00 =
4/3 = 1.33. Both linear regimes, above and below 205 K (Tc in
Figure 3a) were ﬁtted by eq 2, and the calculated ratio between
the two slopes was (257/178 = 1.4( 0.3), which is in reasonable
agreement with the ratio of the slopes predicted by GDMmodel
for an ND-D transition.11,12 Since the GDMmodel correlates Tc
with the ND-D transition, in the framework of this model, the
charge transport across the thin ﬁlm of F8BT is suggested to be
nondispersive above Tc and dispersive below it. It is worth
pointing out that the σ value obtained in the 200 to 300 K range
is only 37 meV, which is considerably lower than those obtained
in previous reports.23,24 However, the disorder parameters are
strongly dependent on the ﬁlm morphology, which is, therefore,
inﬂuenced by sample preparation. This makes it diﬃcult to
Figure 3. (a) Mobility calculated from Photo-CELIV transients as a
function of temperature together with the dielectric relaxation, tan δ, in
order to correlate changes in themobility withmolecular relaxations. (b)
Plot of t1/2, tmax, and t1/2/tmax obtained from the CELIV measurements
as a function of 1000/T2 and T.
Figure 2. (a) Photo-CELIV current extraction obtained for the Al/
F8BT/ITO device at 350 K. The laser pulse wavelength and the
extraction voltage are indicated. (b) Photo-CELIV current proﬁle for
the Al/F8BT/ITO device at several temperatures. Inset: the Δj/j(0)
values plotted as a function of temperature.
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compare the DOS function without having deeper insight into
the actual morphology.25,26 Indeed, according to ref 27, in
complex semicrystalline polymers the DOS can actually be
broader due to the superposition of amorphous, crystalline,
and interfacial DOS.
It is worth mentioning that in TOF experiments the critical
temperature of theND-D transition is deﬁned as the temperature
where the charge relaxation time becomes longer than the charge
extraction time, so thermal equilibrium is not attained during
the transit time. Under these conditions, it was concluded
that mobility is no longer a well-deﬁned material property and
becomes thickness-dependent.11,12,19 However, despite that, we
can still deﬁne Tc in the ln μ vs T
2 curve; the change in the
mobility with temperature is rather smooth, indicating that the
charge transport slowly approaches the equilibrium condition.
This is also suggested by the behavior of t1/2/τmax, which varies
continuously as a function of temperature. Nevertheless, the kink
in the slope of the ln μ vs T2 curve and a coinciding change in
the behavior of the dispersiveness parameter (t1/2/τmax) were
observed in the Photo-CELIV data as well, which can be
considered as a ﬁngerprint for an ND-D transition. Indeed, a
recent work reported a similar behavior for P3HT using photo-
CELIV experiments.14 The authors measured a disorder para-
meter of 40 meV in the temperature range of 1.6 to 90 K. They
suggested that at low temperatures the charges should be almost
completely captured by traps, so the CELIV signal reﬂects the
release of the trapped charges by the electric ﬁeld under strong
nonequilibrium conditions. In this case, the mobility as measured
by CELIV can not be considered an intrinsic material property, as
in TOF experiments below the ND-D transition.
The coincidence between the β-relaxation peak in the tan δ
versus T2 and the change in slope of the ln μ versus T2 also
deserves discussion. The β relaxation is related to the onset of
molecular motions in the side groups at about 210 K. Thus, the
change in dispersiveness of the charge transport is also likely to
be related to a change in the structural disorder or ﬂuctuation of
the local conjugation length,28,29 which occurs due to the
change in the local packing induced by the molecular agitation
above the β transition temperature.30 In this sense, this indicated
that the onset of the β-relaxation introduces some thermal
disorder in the system which, together with the decrease in
the dispersiveness of the transport (approach to equilibrium),
explains the change in the slope of the ln μ versus T2 in this
temperature range.
Another point for discussion is the connection between the
deviation from the straight line starting at 315 K and the
occurrence of the glass transition. The faster increase in mobility
above Tg (T > 1.2 Tg) can be attributed to the achievement of an
equilibrium situation between thermal release and trapping of
charges (nondispersive transport), making the mobility strongly
temperature-dependent. In this situation, the carriers experience
a smoother energy landscape during their motion, so the slope of
the ln μ versus T2 curve is increased above 1.2Tg. At tempera-
tures around Tg, the time scale of the collective molecular
reorientations is such that the disorder can be considered static.
In other words, around Tg one may consider that the energy
disorder becomes temperature-dependent, producing a motional
narrowing eﬀect in the DOS, so a deviation from the GDM
predicted behavior is observed. This is consistent with the
nonlinear behavior observed during the glass transition.11 This
interpretation has been proposed in ref 11, where a very similar
behavior was observed for mobility measurements in vapor
deposited ﬁlms of 1-phenyl-3-diethylamino-styryl-5-p-diethyl-
phenylpyrazoline (DEASP) carried out by the TOF technique.11
An equivalent view was proposed by Giro et al.,31 who suggested
that below Tg there will be a strong localization of charges due to
the geometrical restrictions which do not favor hopping between
neighboring sites but rather trapping and detrapping. Following
that idea, one would conclude that below the glass transition the
conduction is dispersive and that above the glass transition
temperature, the trapped charge carriers are liberated by the
backbone molecular motion so that the equilibrium situation is
achieved leading to a mostly nondispersive transport, with a
strong temperature dependence of the mobility above 1.2Tg.
’CONCLUSIONS
In summary, we present a Photo-CELIV study on tempera-
ture-dependent carrier mobility in F8BT thin ﬁlms. It was
observed that the temperature dependence of the Photo-CELIV
current proﬁles and the derived mobilities exhibit two main
changes associated with the slow approach to the charge trans-
port equilibrium condition, similar to the dispersive to non-
dispersive transition as reported previously in the literature and the
second related to the glass transition of the material. Despite the
ND-D transition, it may be explained within a pure geometrical
approach that the coincidence of this transition with the onset of
the side groupmotions is a strong hint that the change in the local
environment can play a role in this behavior. Regarding the
changes observed in the mobility behavior around the glass
transition temperature, it is concluded that the molecular
motions of the backbone, producing a smoothing of the transport
energy landscape and a time-dependent disorder of the DOS
during the glass transition process (315 to 390 K) explain the
mentioned modiﬁcation. Despite other eﬀects such as bimolec-
ular recombination and charge generation by exciton split up at
the electrodes that may contribute to the mobility behavior, our
results show that the general behavior of the mobility as a
function of temperature might be related with the molecular
relaxations and are in good agreement with the GDM model.
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